ABSTFUCT The copolymerization of styrene and acrylonitrile has been investigated in bulk and in the solvents toluene, butanone, and NJV-dimethylformamide. The comparison of the copolymers prepared in the bulk system with copolymers obtained from copolymerizations in the various solvents reveals a relatively small but noticeable solvent effect. All the systems display a significant penultimate unit effect. From this work it is concluded that the copolymerization of styrene and acrylonitrile in the employed solvents can be explained by the qualitative description of the bootstrap model. The comparison of the bulk with the toluene system seems to indicate that the quantification of the bootstrap model is not realized by the assumption that the distribution coefficient K is constant. A modification of the earlier proposed method for quantification of the bootstrap effect is suggested. The distribution coefficient is linearly dependent on copolymer composition. The new method provides a good fit with experimental results, whereas the used parameters have a distinct physical meaning.
Introduction
Several years ago Harwood put forward his "bootstrap model" to account for solvent effects in radical copolymerization. ' Harwood stated that copolymers having the same composition have the same sequence distribution, regardless of the solvent employed for their preparation.
A growing copolymer radical seems to control its own environment during copolymerization. To explain this phenomenon Harwood proposed his bootstrap model.
The few papers published with regard to the bootstrap model only deal with qualitative aspects of the effect.213 Recently Klumperman and O'Driscoll presented a quantitative description of the bootstrap model. 4 They proved in a mathematical way that the bootstrap model can be applied to both the terminal and the penultimate unit model and that if the bootstrap model applies, triad distribution versus copolymer composition is independent of the solvent. The authors also proposed a method for quantification of the distribution coefficient K which was introduced by Harwood to describe the ratio between local and global comonomer ratio.
Four of the systems evaluated by Harwood were capable of hydrogen bonding and two of the systems yielded copolymers with Bernoullian monomer sequence distributions. Styrene and acrylonitrile are non-hydrogenbonding monomers and it is one of the major examples of a copolymerization which obeys the penultimate unit model as was pointed out, among others, by Hill et aL5s6
Recently Tirrell and co-workers have determined the relative rates of addition of acrylonitrile and styrene to some carefully chosen low molecular radicals (model compounds) to establish the chemical feasibility of the penultimate unit
Their results compare favorably with those reported by Hill et aL5s6 Harwood suggested1 that "...previously reported penultimate unit effects may be due to or at least influenced by this phenomenon...", where "this phenomenon" refers to the bootstrap effect. Klumperman and O'Driscol14 have shown that the penultimate unit model cannot be replaced by a bootstrap effect alone. However, to study the solvent effect on a comonomer pair that has been shown to obey the pen- ultimate unit model could shed more light on the bootstrap effect in relation to this model. When two copolymers have the same composition and monomer sequence distribution, the conditional probabilities that governed the growth of their chains must have been the same when they were formed. This phenomenon appears to be encountered when the same copolymerization is carried out in different solvents. Therefore, the conditional probabilities governing sequence distribution are unaffected by the solvent. Independence of the conditional probabilities upon solvent most probably occurs by independence of the monomer ratio at the site of propagation. A consequence of this assertion is that the real reactivity ratios are also unaffected. As a result, apparent reactivity ratios that have been determined where solvent effects were present are probably products of real reactivity ratios and distribution coefficients. The conditional probabilities are dependent on the ratio of monomer concentrations in the vicinity of the propagating radical, noted as [M11/[M2]. However, this ratio of monomer concentrations need not be equal to the global monomer ratio, which is designated as [M~"l/[M2"1. Harwood proposed that the relationship between the two mentioned ratios may be defined as If one is able to determine local monomer concentrations, real reactivity ratios can be derived. Unfortunately, an experimentally determinable coefficient of monomer partitioning K is hindered by the difficulty of determining local monomer ratios.
In a recent paper, Klumperman and O'Driscoll elaborated on the quantitative aspects of the bootstrap model. 4 These authors did not focus on real reactivity ratios but stated that the only objective is to relate the apparent reactivity ratios to a reference state. Although the monomer ratio at the site of propagation in bulk copolymerization may also differ from the global monomer ratio, they defined K to be unity (Kb = 1) in a bulk copolymerization. It is emphasized again that bulk copolymerization is chosen as a thermodynamic reference state. This choice is arbitrary, but this is a common and 0 1994 American Chemical Society legitimate procedure for quantification of a thermodynamic quantity. When this definition is used, i t has been shown4 that the distribution coefficient K is defined as 
Experimental Section
Materials. Acrylonitrile and styrene were dried over CaClz, distilled at reduced pressure under nitrogen at 40 "C to remove the inhibitor, and stored at 0 "C under nitrogen. The monomers were always used within 24 h after distillation. The initiator for polymerization in bulk (benzoyl peroxide) was recrystallized twice from chloroform by addition of methanol. The initiator for polymerization in solution (up'-azobis(isobutyronitri1e)) was recrystallized twice from methanol. The solvents employed for polymerization were as follows: toluene (Merck), purity >99.5 % , used without further purification; butanone (Riedel-de Hiien), purity 99 ' % , dried over Molecular Sieves and distilled at reduced pressure under nitrogen; NJV-dimethylformamide (DMF) (Merck), purity >99.9%, used without further purification.
All other chemicals were high-purity grades and were used without purification.
Procedure. The required amounts of monomers were accurately weighed into 250.0-mL volumetric flasks and filled with solvent (if not in bulk) to aconcentration of 2.0 M of comonomers.
These mixtures were poured into 350-mL reaction vessels and thoroughly freeze-thaw degassed (three cycles). After the last cycle the initiator was added under nitrogen (=0.1 mol % with respect to the comonomers). The polymerizations were carried out under nitrogen at 60.0 f 0.1 OC to conversions less than 3 76. For these low conversions, the copolymer formed remained soluble in the reaction mixture in all cases, except for mole fractions in the monomer feed smaller than 0.028 in styrene. The polymers were isolated by precipitation of the reaction mixture in a 10-fold excess of methanol to which 0.01% of hydroquinone was added. The conversion was determined gravimetrically. The copolymers were purified by precipitation from THF solution into methanol. Dimethyl sulfoxide (DMSO) was used as a solvent for polymers of a high acrylonitrile content. The purified polymers were dried in vacuum at 60 "C for 36 h.
Copolymer Compositions. The compositions of the copolymers (Fs and FA) were determined (1) by duplicate percentage nitrogen analysis using a LECO FP-428 automatic elemental analyzer, (2) by calculation from the experimental triad fractions, and (3) by the relative intensities of the aromatic (S units) and methylene and methine (A + S) resonances in the 'H NMR spectra. These spectra were obtained by Fourier transform techniques using, a Bruker AM-400 (400.14 MHz) or a Varian UNITY-300 (299.95 MHz) spectrometer at 60 "C, in 5 All the systems display a significant penultimate unit effect, which is recognized from the reactivity ratios listed in Table 5 . The reactivity ratios were determined according to a NLLS technique based on principals outlined by Britt and Luecke." In the NLLS optimization tech- nique, a set of seven equations was used to determine reactivity ratios. large errors are found in the reactivity ratios calculated from these equations, as can be seen from the error bars in Figure 1 . Thus, conclusions with respect to the occurrence of a penultimate unit effect can only be based on a limited region of monomer feed ratios. Qualitatively, the results compare favorably with those obtained by Hill et al. 3 The relationship of copolymer composition versus monomer feed composition becomes more clear in Figure  2 where the copolymer composition curves for the different systems are compared. With concern to the copolymer composition curve in Figure 2 , the toluene system resembles the bulk system in the high styrene region (fs > 0.5).
The copolymer composition curves of the bulk and the toluene system do not coincide in the high acrylonitrile region (fs < 0.5). Copolymer composition curves for the copolymerizations of styrene and acrylonitrile in bulk, toluene, butanone, and DMF at 60 O C . FS is the mole fraction of styrene in the copolymer and fs is the mole fraction of styrene in the comonomer feed. 0 (drawn) = bulk; A (dashed) = toluene; (dash-dot) = butanone; 0 (dotted) = DMF. Curves are calculated using the reactivity ratios given in Table 5 .
In toluene the polarity of the solvent and the styrenerich SAN is comparable. Hill et d 6 also investigated the SAN copolymerization in acetonitrile. They noticed that the copolymer composition curves of the bulk and the acetonitrile system coincided in the high acrylonitrile region (fs < 0.3). In acetonitrile the polarity of the solvent is comparable with the acrylonitrile-rich SAN.
The copolymerizations run in DMF might demonstrate the same trend, when polarity is concerned. However, fromFigure 2 it is obvious that the copolymer composition curve for polymerizations in DMF is not in agreement with this proposition. DMF and acetonitrile are comparable if solubility parameters are concerned (24.8 X 103 and 24.3 X lo3 [J/m3]1/2, respectively). 13 The difference in this case may probably arise from subtle differences in interactions between electron donor and acceptor molecules. It is known that styrene acts as an electron donor whereas acrylonitrile is an electron acceptor. Effects of solvents on this type of interaction have been reported in literature, e.g. in a recent review by Riitzsch and Vogl.14 It is hypothesized that donor-acceptor interactions will also play a significant role in the bootstrap effect.
The copolymer composition versus monomer feed curve for the polymerizations in butanone resembles the bulk system over the entire monomer feed region. Probably due to small differences in polarity, no significant deviation in apparent reactivity ratios is observed between butanone and bulk.
From Figure 3 it is recognized qualitatively that for the copolymerization of $AN in bulk and in the solvents toluene, butanone, and DMF the bootstrap effect is important; i.e. the relationship of monomer sequence distribution versus copolymer composition is independent upon solvent. However, from Figure 2 it is recognized that the copolymer composition curves for the polymerizations in bulk and in toluene only deviate in the high acrylonitrile region. In this region the dominating parameter is r u . The value of rM is the only reactivity ratio that seems to deviate when the values determined in bulk and in toluene are compared with the r u values of the other systems.
If a solvent has an effect on a copolymerization and for instance changes r u , the quantitative description of the bootstrap theory implies that the solvent should affect Dramcurves are calculated using the reactivity ratios from Table 7 . the other reactivity ratios to the same extent so as to keep the earlier mentioned reactivity ratio products and quotients constant. For the apparent reactivity ratios from Table 5 this is not the case. This is easily recognized from the values of the distribution coefficients from Table 6 which are calculated from the different reactivity ratios as indicated, according to eq 2. The distribution coefficients K depend on the reactivity ratio from which they are determined. For example, the values of Kdetermined from rss and from rM are in bad agreement for copolymerizations in toluene and DMF. The cause for this phenomenon may be found in an assumption which is made in the method of quantification, described in an earlier p~blication.~
The distribution coefficient K describes the partitioning of the monomers between free solvent phase and locus of polymerization (the polymer coil). In the proposed method for quantification, this distribution coefficient is implicitly assumed to be independent of copolymer composition. This assumption may induce an error, whose magnitude is governed by the difference in polarity among both the comonomers and the solvent. For example, imagine a hypothetical system consisting of a solvent of moderate polarity and two comonomers, one of which has a high polarity and the other having a low polarity. By going from the homopolymer of the first monomer gradually to the homopolymer of the second, the solvent phase first is the phase with the lower polarity and eventually becomes the phase with the higher polarity. The distribution coefficient in this system would change from a certain value below unity to a value above unity (or vice versa, depending on the definition). At the initial definition of the bootstrap effect and the distribution coefficient,' it was already stated that K will be influenced by the composition of the growing polymer chain.
A clear indication for a changing distribution coefficient is provided by work of Hill et ala3 and from this work. The copolymerization of STY and ACN in bulk, toluene, and acetonitrile clearly shows this effect. If the copolymerization in bulk is compared with those in toluene and acetonitrile with respect to copolymer composition versus monomer feed, it is found that in a certain range of monomer feed ratios the curves coincide and in another range they do not. Coinciding curves mean, in terms of the bootstrap effect, that the distribution coefficients are equal (unity in case of bulk copolymerization). Based on these observations a change in the quantification of the bootstrap effect is proposed. If the bootstrap effect is determined by differences in polarity between solvent and polymer phase, a simple relationship could be used to relate the distribution coefficient to copolymer cornposition. The polarity of the copolymer phase is directly related to the copolymer composition. The polarity of the solvent is constant. The distribution coefficient could therefore be expressed as K = A F , + B Then for each comonomer pair one set of reactivity ratios describes the reference state (bulk copolymerization) and for each solvent a value for A and B is determined to describe the partitioning between solvent and copolymer coil. The physical meaning of the parameters A and B is then comparable to that of the distribution coefficient K. That is, B is the distribution coefficient for the homopolymer of monomer 2, while A + B is that of the homopolymer of monomer 1.
Physically more correct would be to define a copolymer composition dependent distribution coefficient for bulk copolymerization, since it is not the solvent but the copolymer that causes the deviation from constancy.
However, it is again for the sake of quantification that the distribution coefficient for bulk copolymerization is defined to be unity. From this reference state the A and B values are determined with a meaning as outlined above.
In this work we analyzed the experimental data using the above proposed technique by a NLLS fitting procedure. 11 We used data for bulk and three solvents (toluene, butanone, and DMF) to determine the best values for the reactivity ratios and three seta of A and B values, corresponding with the solvents. The data for bulk and the three solvents were fitted simultaneously, so as to get the most reliable values for the reactivity ratios. Monomer Copolymerization of Styrene and Acrylonitrile 1533 feed, copolymer composition, and STY and ACN centered triad fractions were used in the parameter estimation program. In the parameter estimation procedure a correction was made for conversion by a numerical technique to average the calculated values over a given conversion interval. The results of the parameter estimation are listed in Table 7 .
In Table 7 , the values for B, which equal the distribution coefficients for poly(ACN) ( K A c~) , and the values for A + B, which equal the distribution coefficient for poly-(STY) (KsT?), are listed. There appears to be a strong difference between DMF on one hand and toluene and butanone on the other. The latter two have distribution coefficients that are approximately unity over the entire copolymer composition range. The trends for these two solvents over the composition range are limited. Especially for butanone there is no significant influence of the copolymer composition on the distribution coefficient. For toluene the vicinity of the growing polymer chain becomes relatively richer in styrene when the copolymer becomes richer in acrylonitrile (Le.
A < 0), although the effect is rather limited. This phenomenon may be induced by specific interactions between monomer and polymer (i.e. monomeric styrene having a stronger affinity toward poly(ACN) and/or monomeric acrylonitrile having a stronger affinity toward poly(STY)). However, one should bear in mind that the distribution coefficients listed in Table 7 are relative to bulk copolymerization. Thus, no strong conclusions can be based on the observed trend in the case of toluene.
For DMF the distribution coefficient is below unity over the entire copolymer composition range. This means that the vicinity of the growing polymer chain is relatively poor in styrene. Apparently, the polymer chain is preferentially surrounded by acrylonitrile to a larger extent than in the case of bulk copolymerization. The effect is larger for acrylonitrile-rich copolymers than for styrene-rich copolymers &e. A > 0). This observation is opposite to the general tendency that the use of nonpolar solvent favors the incorporation of the polar monomer.' Again this may be due to donoracceptor interactions, rather than ordinary polarity effects. Measurements and/or calculations with respect to preferential solvation or any type of complex formation should shed more light on the origin of these observations in the future.
As an example of the difference between classical reactivity ratios and the present approach, the experimentally determined triad distributions versus monomer feed compositions in toluene are given in Figure 4 with the calculated curves according to the reactivity ratios from Table 5 and according to the reactivity ratios and A and B values from Table 7 .
The latter curves are obtained by an iterative process, since apparent reactivity ratios depend on copolymer composition (through K ) . In this iterative process copolymer composition and triad distribution are calculated by using the reactivity ratios for the reference state (bulk).
The occurrence of the bootstrap effect is demonstrated from the solvent independence of monomer sequence distribution versus copolymer cornposition. For this comonomer pair, the evidence is not strong, since the solvent effect is limited and the wed data (triad fractions based on 13C NMR measurements) contain a rather large uncertainty. Nevertheless, the solvent effects have been analyzed in terms of the bootstrap effect. In this analysis it was clear that quantification of the bootstrap effect as presented before and tested on STYIMMA and STY/ MAnh data did not provide an adequate description of this system.
The implicit assumption in the previously reported method that the distribution coefficient ( K ) is independent on copolymer composition gives rise to an inconsistency of K values derived from the different reactivity ratios.
From these experiments it is clear that K is dependent on copolymer composition. Based on the physical background of the distribution coefficient this can be easily understood.
The new approach which provides an adequate description of the experimental results has the following characteristics:
Each comonomer pair is described by one set of reactivity ratios (we use bulk copolymerization as the reference state).
For each solvent employed, the solvent effect is described by two parameters. These parameters seem to account for the difference in polarity between the solvent and each of the two monomers. The styrene-centered (top) and acrylonitrilecentered (bottom) triad fractions have been plotted, together with curves calculated using the reactivity ratios from Table 5 (dashed curves) and using reactivity ratios and distribution coefficient from Table 7 (drawn curves).
Based on these copolymer compositions the corresponding apparent reactivity ratios are calculated by invoking the A and B values for toluene.
Copolymer composition and triad distribution are recalculated and new apparent reactivity ratios are determined. This procedure is repeated until the calculated copolymer composition and triad distribution converge.
Conclusions
Similar to previous studies, in this study the existence of a penultimate unit effect is clearly demonstrated. This is easily recognized from the calculated reactivity ratios. In our opinion, the use of ChQjG's equations is for this particular copolymerization somewhat less suitable. This is due to the limited regions of monomer feed ratios where the penultimate unit effect causes significant differences within the relevant reactivity ratio pairs (Le. r11 compared with r21 and r22 compared with ~1 2 ) .
